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Abstract-In order to investigate the distribution of 26A1 in chondrites, we measured aluminum- 
magnesium systematics in four calcium-aluminum-rich inclusions (CAIs) and eleven aluminum-rich 
chondrules from unequilibrated ordinary chondrites (UOCs). All four CAIs were found to contain 
radiogenic 26Mg (26Mg*) from the decay of 26A1. The inferred initial 26Al/27Al ratios for these 
objects ((26Al/27Al)o = 5 x 10-5) are indistinguishable from the (26APAl),, ratios found in most 
CAIs from carbonaceous chondrites. These observations, together with the similarities in mineralogy 
and oxygen isotopic compositions of the two sets of CAIs, imply that CAIs in UOCs and carbonaceous 
chondrites formed by similar processes from similar (or the same) isotopic reservoirs, or perhaps in a 
single location in the solar system. We also found 26Mg* in two of eleven aluminum-rich chondrules. 
The (26Al/27Al)o ratio inferred for both of these chondrules is -1 x 10-5, clearly distinct from most 
CAIs but consistent with the values found in chondrules from type 3.0-3.1 UOCs and for aluminum- 
rich chondrules from lightly metamorphosed carbonaceous chondrites (-0.5 x 10-5 to -2 x 10-5). 
The consistency of the (26A1/27Al)o ratios for CAIs and chondrules in primitive chondrites, independent 
of meteorite class, implies broad-scale nebular homogeneity with respect to 26A1 and indicates that 
the differences in initial ratios can be interpreted in terms of formation time. A timeline based on 26A1 
indicates that chondrules began to form 1 to 2 Ma after most CAIs formed, that accretion of meteorite 
parent bodies was essentially complete by 4 Ma after CAIs, and that metamorphism was essentially 
over in type 4 chondrite parent bodies by 5 to 6 Ma after CAIs formed. Type 6 chondrites apparently 
did not cool until more than 7 Ma after CAIs formed. This timeline is consistent with 26A1 as a 
principal heat source for melting and metamorphism. 
INTRODUCTION 
Chondrules and calcium-aluminum-rich inclusions (CAIs) 
are two important primary constituents of chondritic meteorites. 
Both formed at high temperatures early in solar system history 
and record the timing and conditions in the earliest stages of 
solar system formation. Yet neither the genetic relationship 
between these two groups of objects nor their relative formation 
ages are well understood. The expected duration of the active 
phase of the solar nebula is on the order of a few x 106 years, 
but time differences of significantly less than 106 years at 4.56 Ga 
cannot currently be measured using long-lived radio- 
chronometers. Short-lived radionuclides that were present in 
the early solar system but are now extinct provide one way to 
resolve such small time differences. 
The most widely studied short-lived radionuclide is 26A1 
(half-life, t1/2 = 730 000 years), which decays to radiogenic 
26Mg (= 26Mg*). Its presence in the early solar system is well 
established (e.g., Lee eta]., 1976, 1977; review by MacPherson 
et al., 1995). While giving no information about absolute ages, 
differences in inferred initial 26AlP7Al ratios ((26AlPAl)J 
potentially can discriminate between events separated by as 
little as -105 years (Lee et al., 1976; Hsu et al., 2000). 
Unfortunately, the usefulness of 26A1 as a chronometer for 
studying the relative formation times of CAIs and chondrules 
is clouded by the possibility that it was not uniformly distributed 
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throughout the early solar system (e.g., Wood, 1996a). Most CAIs 
consistently show evidence for high initial ratios, (26A1/27Al), = 
5 x 10-5. No incontrovertible evidence of higher values is 
found in CAIs. However, rare CAI types such as the FUN 
inclusions (named for extreme isotopic Fractionated and 
- Unidentified Nuclear isotopic anomalies; Wasserburg et al., 
1977) and hibonite-fassaite microspherules (e.g., Ireland et al., 
199 1 ; Russell et al., 1998) have considerably lower (26A1/27Al)o 
values and, at the same time, retain large endemic nuclear 
isotopic anomalies inherited from their precursor presolar dust. 
Thus, their low (26APAl),  values are not easily attributable 
to later formation or reprocessing (e .g . ,  Wasserburg and 
Papanastassiou, 1982; MacPherson et al., I99.5). The solar 
system was isotopically heterogeneous at some scale; certainly 
presolar dust grains were the original solid materials in the solar 
nebula. Some workers argue that large regions of the solar 
nebular differed from one another isotopically (Lee et al., 1979; 
Wood, 1996a), while others conclude that heterogeneity was 
minor on a macroscopic scale (MacPherson et al., 1995). To 
explain the range in (26A1/27Al)o by heterogeneity requires a 
least an order of magnitude variation in this ratio in substantial 
regions of the nebula. This should be associated with other 
isotopic effects. 
One approach to the problem of initial 26AI uniformity is 
to analyze CAIs and chondrules from a variety of chondrite 
types, on the assumption that the different chondrite classes 
sampled different nebular regions and hence provide some 
estimate of the degree of isotopic homogeneity in the solar 
system. Therefore, we carried out a search for and analysis of 
the chemical and isotopic properties of CAIs and chondrules 
in unequilibrated ordinary chondrites (UOCs). Here we faced 
two experimental difficulties. First, the rarity of CAIs in 
ordinary (and enstatite) chondrites makes such investigations 
difficult. Second, aluminum-rich phases are rare in chondrules. 
With (26A1/27Al)o = 5 x 10-5 and AIMg of -0.1 in material of 
chondritic composition, the enrichment in 26MgPMg would 
be only -50 ppm. For ion probe measurements, which have 
uncertainties of 1-2%0, Al/Mg ratios of > 10 are required to 
detect 26Mg* from (26A1/27AI), = 5 x 10-5, and higher AI/Mg 
ratios are required for lower initial abundances. Suitable ratios 
are found in aluminum-rich phases such as plagioclase and, 
occasionatly, glass, but are not found in the most common 
chondrule minerals such as olivine and pyroxene. We overcame 
these problems by using systematic x-ray area mapping of large 
numbers of polished UOC thin sections to find CAIs and 
relatively rare aluminum-rich chondrules that contain 
plagioclase and aluminum-rich glass. 
Prior to our study, - 10 plagioclase-bearing UOC chondrules 
had been analyzed isotopically (Hutcheon et al., 1989, 1994; 
Kennedy et al., 1992; Hutcheon and Jones, 1995) and no 
evidence for 26AI was found in any of them. Only a few 
meteoritic constituents other than CAIs from carbonaceous 
chondrites had been found to contain 26Mg*. The positive 
cases included 2 of I2 plagioclase-olivine inclusions (POIs) 
from Allende (CV3) examined by Sheng et al. (1 99 I) ,  which 
exhibited (26A1/27Al), = (3-6) x 10-6; a hibonite-spinel CAI 
fragment from Dhajala (H3.8) with (26A1/27AI), = 8 x 10-6 
(e .g . ,  Hinton and Bischoff, 1984); an olivine-pyroxene- 
anorthite clast from Semarkona (LL3.0) with (26A1/27Al)o z 
8 x 10-6 (Hutcheon and Hutchison, 1989); a glass inclusion 
from Bovedy (L3.7) with (26AWAl), z 3 x 10-7 (Hutcheon 
et al., 1989); and plagioclase crystals of unknown petrologic 
context, separated from a bulk sample of St. Marguerite (H4), 
that showed (26AI/27Al), = 2 x 10-7 (Zinner and Gopel, 1992). 
In this paper, we present complete aluminum-magnesium 
data for four CAIs and eleven aluminum-rich chondrules, 
including data for two CAIs and nine chondrules that have not 
been published previously except in summary form. Initial 
isotopic results for some of the objects in our study have been 
reported previously (Srinivasan et al., 1996; Russell el al., 
1996a, 1997). Since our study was initiated, other workers 
have found a number of chondrules containing 26AI (Srinivasan 
et al., 2000a,b; Kita et al., 2000; Hutcheon et al., 2000; 
McKeegan et al., 2000; Marhas et al., 2000; Mostefaoui et 
al., 1999,2000). In this paper, we summarize all of our new 
data and data available in the literature and discuss the current 
situation with regard to 26AI in the early solar system. This 
work is part of a broader study to investigate the relationships 
between CAIs, aluminum-rich chondrules, and "ordinary" 
ferromagnesian chondrules. The compositional relationships 
have been treated briefly by MacPherson and Huss (2000), 
and a more complete treatment is in preparation. Related 
studies of oxygen isotopes in two of the CAIs and in several 
of the aluminum-rich chondrules are described in McKeegan 
et al. (1998) and Russell et al. (2000). 
METHODS 
Identification and Characterization of Aluminum-Rich 
Chondrules and Calcium-Aluminum-Rich Inclusions 
Polished thin sections of unequilibrated H, L, and LL 
chondrites from the Smithsonian collection were examined by 
optical microscope and then studied using the Smithsonian 
JEOL JSM-840A scanning electron microscope, equipped with 
a Kevex Si(Li) x-ray analyzer. CAIs and aluminum-rich 
chondrules were located by systematically searching each thin 
section by x-ray area mapping, at a spatial resolution sufficient 
to detect any aluminum-rich objects greater than -10pm in size. 
Aluminum-Magnesium Measurements 
Magnesium isotopes were measured with PANURGE, a 
modified CAMECA IMS-3f ion microprobe, using standard 
techniques (Huneke et al., 1983; Fahey et al., 1987). A mass 
resolving power of -2800, sufficient to resolve 24MgH+ from 
25Mg" and 48Ca++ from 24Mg+, was used. Instrumental mass 
fractionation, which differs among minerals of interest, was 
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accounted for by comparing measured 25Mg+PMg+ ratios for 
mineral standards with the 25Mg/24Mg of terrestrial Mg 
(0.12663; Catanzaro et al., 1966) and is given in permil (= %o) 
per amu by: 
Standards were Burma spinel, Madagascar hibonite, chromium 
diopside, San Carlos olivine, Miakajima plagioclase, and 
synthetic melilite glass. The intrinsic isotopic mass 
fractionation for sample minerals ( F M ~ )  was found by 
subtracting the mean A25Mg for the appropriate standard 
mineral from the A25Mg measured for the sample. Instrumental 
fractionation for each mineral is reproducible to +2%0, so F M ~  
values that exceed this uncertainty are considered significant. 
After correcting for instrumental mass fractionation using 
a linear law (i. e., assuming that the fractionation for 26MgPMg 
is twice that for 25Mg/24Mg), the 26MgPMg ratio obtained 
for several mineral standards was 0.13955, the value typically 
found by PANURGE (e.g., Hutcheon and Hutchison, 1989). 
Shifts in 26MgPMg remaining for sample minerals after 
accounting for both instrumental and intrinsic mass fractionation 
are reported in permil relative to terrestrial 26MgPMg: 
Differences in ionization efficiency between A1 and Mg were 
accounted for by comparing the measured 27AI+PMg+ to the 
2 7 A P M g  ratio for each standard mineral. All data are reported 
with 2a  uncertainties. 
RESULTS 
Petrography and Mineral Chemistry of the Aluminum- 
Rich Objects 
Four CAIs and eleven aluminum-rich chondrules were 
studied in detail. Petrographic descriptions and summaries of 
the mineral chemistry for the CAIs are given below. The 
characteristics of the aluminum-rich chondrules are also 
summarized here. Detailed descriptions of the chondrules, 
including bulk major and trace element compositions, will 
appear in a separate paper (MacPherson and Huss, in 
preparation). 
Calcium-Aluminum-Rich Inclusions-Semarkona 4 1 28- 
3-1 (Fig. la)  is a -320 x 130 pm, irregularly shaped type A 
inclusion. The interior is a dense, polygonal-granular 
intergrowth of equant melilite crystals (&-IS; 130 pm) that 
enclose tiny grains of spinel (15  p m )  and less abundant 
perovskite (12 pm). Much of the contorted outer surface (and 
also cavities in the CAI interior) is rimmed by a 2 4  p m  layer 
of  aluminous diopside, suggesting that this CAI was 
FIG. 1. (a) Backscattered electron image of an irregularly shaped 
type A inslusion in Semarkona. The inclusion consists of melilite 
(Met), spinel (Sp), and minor perovskite (bright grains). Note the 
pervasive secondary sodalite (Sod) in the outer parts of the inclusion 
and the aluminous diopside (AI-Diop) on the rim. (b) Backscattered 
electron image of a compact hibonite-spinel inclusion from Moorabie. 
The inclusions consists of a core of densely intergrown hibonite (Hib) 
laths and spinel (Sp) surrounded by a spinel-rich mantle. The inclusion 
is heavily embayed by a fine-grained intergrowth of secondary 
sodalite and phyllosilicate (Alt). Original perovskite appears to have 
been altered to ilmenite (Im). 
incorporated into the parent meteorite in its present form. In 
the outer parts, melilite is corroded and embayed by secondary 
sodalite. 
Semarkona 1805-2- 1 is a compact lens-shaped inclusion, 
-480 p m  in maximum dimension, that was first described by 
Bischoff and Keil(1984); also see Fig. 10.3.17 of MacPherson 
et al. (1988). It consists mostly of densely intergrown, blue- 
pleochroic, hibonite laths (Ti02 -3 to7%; MgO up to 3%) -20- 
40 p m  across and spinel (FeO 10.4%), with subordinate 
irregular melilite (Akl-10) crystals and scattered grains of 
perovskite. One portion of the inclusion is fragmented and 
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porous. Remnants of a thin (-10pm) mantle ofmelilite (Ak-18) 
are present at several locations around the periphery. These 
locations also contain the only vestiges of a rim sequence that 
consists of an inner layer of anorthite (An99) and an outer layer 
of fassaite. 
Moorabie 6302-2-1 (Fig. lb) is a compact elliptical CAI, 
-150 x 275 pm, consisting mostly of a fine-grained, dense 
intergrowth ofhibonite blades (140pm; 0 . 6 4  wt% MgO, 0.7- 
7% Ti02,1-6% FeO) and spinel (12-14% FeO, I-5% Cr203). 
Rounded and equant ilmenite grains (-5 pm)  are enclosed in 
both spinel and hibonite, and their shapes indicate that they 
formed from perovskite. The spinel + hibonite intergrowth is 
heavily embayed by an extremely fine-grained intergrowth of 
sodalite and phyllosilicate (?) that has propagated along grain 
boundaries; this secondary assemblage preferentially corrodes 
and partly replaces spinel rather than hibonite. Spinel and hibonite 
crystals show slight compositional zoning, with FeO and Cr2O3 
more enriched on the outside of crystals and along fractures. 
Quinyambie 6076-5-1 (Fig. 1A in Russell et al., 1996a; 
called Moorabie in that paper because the two meteorites were 
then believed to be paired) is a discontinuous chain-like CAI, - 170pm in maximum dimension. It consists of discrete clumps 
of melilite (Akl-5) that enclose subordinate spinel crystals (FeO 
up to 2%), blocky -2-4pm perovskite grains, and rare -10 pm 
long hibonite laths. The individual melilite clumps are separated 
from one another by meteorite matrix. Each clump has a 
discontinuous thin (- 1-2 pm) rim of aluminous diopside. 
Aluminum-Rich Chondrules-The group of objects collec- 
tively referred to as aluminum-rich chondrules is diverse, and 
separate names for different varieties have arisen that are based 
mostly on individual mineralogical or chemical properties (e.g., 
Bischoff and Keil, 1984; Sheng et al., 1991 ). This proliferation 
of names obscures the probability that these objects are all 
related. Therefore, we adopt a different approach from those 
earlier workers. We term these chondrules collectively as "Al- 
chondrules" and adopt a nomenclature system that is grounded 
in phase equilibria. Specifically, we utilize a system based on 
chondrule bulk compositions as plotted in a petrogenetically- 
relevant phase diagram within the CaO-MgO-Al203-Si02 
system (Fig. 2). It is clear from Fig. 2 that Al-chondrule bulk 
compositions (even some with significant FeO) mostly lie along 
a single continuous trend extending from near the mineral 
anorthite toward the forsterite (Mg2Si04) apex, and crossing 
both the forsterite (+ spinel) and anorthite (+ spinel) phase 
volumes. Chondrules whose bulk compositions plot in the 
anorthite (+ spinel) phase field and which have abundant 
euhedral calcic plagioclase crystals are termed plagioclase-rich 
Al-chondrules. Two-thirds of the so-called plagioclase-olivine 
inclusions (POIs) studied by Sheng et al. (1991) are what we 
define as plagioclase-rich Al-chondrules. Those Al-chondrules 
that plot in the forsterite (+ spinel) field, and which commonly 
contain large euhedral olivine phenocrysts, are termed olivine- 
rich Al-chondrules. Most of the chondrules we studied are of 
the olivine-rich variety. There is a third group of Al-chondrules 
that do not plot on the main Al-chondrule trend noted above 
(Fig. 2). The three members of this outlier group lie distinctly 
to the calcium-poor side of the main trend and in two cases 
essentially plot on the corundum-forsterite side of the ternary. 
All three are characterized by abundant transparent, pink, 
isotropic, sodium-aluminum-rich and calcium-poor glass that 
encloses a phenocryst assemblage of olivine, pyroxene, and in 
one case, spinel. Because of the elevated iron and sodium 
contents of these three chondrules, the phase relationships in 
Fig. 2 (notably for minor phases such as cordierite) do not 
strictly apply. We term this third variety glassy Al-chondrules. 
Of the Al-chondrules reported here, Chainpur 125 1 - 14-2 
and Chainpur 5674-2- 1 fall into the plagioclase-rich group. 
These two objects (-300 and 500pm in size, respectively) are 
dominated by large calcic (An > 90%) plagioclase crystals that 
are partially replaced by nepheline. The mesostasis in Chainpur 
125 1 - 14-2 is a coarse intergrowth of plagioclase and aluminous 
diopside. Chainpur 5674-2- 1 is somewhat more complex: 
accompanying its large plagioclase crystals are a few blocky 
to skeletal forsteritic olivine crystals, and interstitial to the 
olivine and plagioclase is a coarse to fine dendritic intergrowth 
of olivine + plagioclase + aluminous diopside. There is a small 
amount of residual glass. 
Olivine-rich Al-chondrules studied include Chainpur 125 1 - 
14-1, Inman 5652-1-1, Semarkona 4128-3-2, Chainpur 1251- 
16-2, Krymka 1729-9-1, and Quinyambie 6076-5-2. Chainpur 
125 1 - 14- 1 (Russell et al., 1996a; their Fig. 1 B) is an elliptical 
porphyritic chondrule (-600 pm), with phenocrysts of olivine 
and spinel in a groundmass of plagioclase laths, ophitic 
aluminous diopside, and sparse iron-nickel metal beads. Inman 
5652-1-1 (Russell et al., 1996a; their Fig. 1D) is a -500 pm 
barred chondrule with skeletal olivine bars cross-cutting sub- 
parallel laths of anorthite, giving the chondrule a cross-barred 
appearance. Interstitial to the feldspar is aluminous diopside. 
Rare corroded spinel grains are enclosed in olivine and 
plagioclase. Parts of the chondrule are fragmented, and it is 
cut by the same veins of terrestrial iron oxide that affect the 
rest ofthe meteorite. Semarkona 4128-3-2 is an oval chondrule 
fragment, -350pm in size, with a coarse and poorly developed 
barred structure. Interstitial to the forsterite bars are small 
crystals of unusual magnesium-rich anorthite, aluminous 
diopside, and minor SiO2-rich glass. Near the center of the 
chondrule is a single large, rounded crystal of spinel. Chainpur 
125 1 - 16-2 is a complex chondrule or chondrule fragment. The 
-700pm chondrule is dominated by one large, blocky, olivine 
crystal whose margins are severely scalloped and corroded. It 
is enclosed in a discontinuous outer zone of untwinned enstatite 
crystals that locally enclose round blebs of Fe-rich olivine 
(Fobs). Enclosed within the core of the large olivine crystal is 
a large irregular area of enstatite, zoned olivine grains, and 
interstitial plagioclase partially replaced by nepheline. It is 
not clear if this central region in the large olivine crystal is a 
fragment or simply a re-entrant of the enstatite rim zone that 
projects into the olivine from the third dimension. Krymka 
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X An-Rich 
Fo-Rich 
0 Glass-Rich 
0 Data from literature 
Spinel Projection 
wt. Yo 
FIG. 2. Bulk compositions of Al-chondrules plotted in the system A1203-Mg2Si04-Ca2Si04 and projected from spinel (MgA1204). Phase 
boundaries are spinel-saturated, and are based on experimental data from the literature. The positions of the phase boundaries are strictly 
valid only for FeO- and Na2O-free compositions; most of the plotted chondrules have sufficiently low abundances of both components that 
their presence (if any) significantly affects the crystallization sequences only in the late stages of melt evolution. Mineral abbreviations: An 
= anorthite, CA2 = CaA1407, Cor = corundum, Cord = cordierite, Di = diopside, Fo = forsterite, Geh = gehlenite, Hib = hibonite, L = liquid, 
Me1 = melilite solid solution, Mull = mullite, Mo = monticellite, Mw = merwinite, Per = periclase, Pyx = pyroxene solid solution, 
Saph = sapphirine. Al-chondrules from this study are shown in large solid symbols and numbered: 1 = Chainpur 1251-14-2; 2 = Chainpur 
1251-2-1; 3 = Inman 5652-1-1; 4 = Quinyambie 6076-5-2; 5 = Chainpur 1251-14-1; 6 = Semarkona4128-3-2; 7 = Krymka 1729-9-1; 8 = 
Chainpur 1251-16-2; 9=Chainpur 1251-3b-1; lO=Chainpur 1251-16-3; 11 =Chainpur 1251-3-1. Chondrules#l and#2 plot in theanorthite 
primary phase field, contain abundant large euhedral plagioclase crystals, and are termed anorthite-rich Al-chondrules. Most POIs of Sheng 
et al. ( 1  991) are anorthite-rich Al-chondrules. Chondrules #3 to #8 plot in the olivine primary phase field, are characterized by large olivine 
(+spinel) crystals, and are termed olivine-rich Al-chondrules. Chondrules #9 to # I  1 plot on or near the forsterite-corundum bounding join, 
are characterized by abundant glass that is iron-bearing and sodium-rich, and are termed glassy Al-chondrules. Literature data for Al- 
chondrules are from Bishoff and Keil (1983) and Sheng et al. (1991). Components are calculated as follows: Ca2SiO4 = 172.24 x (0.5 x CaO); 
MgzSiO4 = 140.69 x (SO2 - 0.5 x CaO); A1203 = 101.96 x (A1203 + 2 x Si02 - MgO - CaO); MgAl2O4 = 142.27 x (CaO + MgO - 2 x Si02). For 
ternary coordinates as shown in the figure, divide each of the three components that define the ternary plane by their sum (A1203 + 
Mg2SiO4 + CazSiO4). 
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1729-9-1 (Russell et al., 1996a) is a 1 mm diameter granular 
chondrule consisting mostly of blocky olivine grains with minor 
interstitial calcic plagioclase, rare metal grains, pigeonite 
(exsolved), and ilmenite. Small enstatite grains occur around 
the periphery of the chondrule. Quinyambie 6076-5-2 (called 
Moorabie 6076-5-2 in Russell et al., 1996a; Fig. 1 in Russell 
et al., 2000) is an incomplete rounded chondrule (at least 
-575 pm in diameter) that is composed of blocky olivine crystals 
partially enclosed within subcalcic augite. Interstitial to these 
are partly maskelynitized plagioclase crystals. 
Three glassy Al-chondrules were analyzed: Chainpur 125 1 - 
3-1 (Fig. 1C in Russell et al., 1996a), Chainpur 1251-16-3, 
and Chainpur 5674-3b- 1. Chainpur 125 1-3- 1 is a broken, 
originally spherical, porphyritic chondrule (-850 p m  in 
diameter). Spinel and olivine crystals are set in a mesostasis 
of dendritic aluminous diopside and pink, sodium-rich glass. 
Small pyroxene crystals at the chondrule rim contain cores of 
pigeonite. Chainpur 125 1 - 16-3 is a -450pm, barred chondrule 
with two sets of magnesium-rich olivine bars set in pink, 
isotropic glass. The chondrule margin has a discontinuous shell 
of olivine. A few small skeletal pyroxene crystals are scattered 
in the glass and consist of pigeonite cores rimmed by aluminous 
diopside. A large metal-troilite nodule and small (-lOpm) metal 
spheres are also present. Chainpur 5674-3b-1 is an -850 pm, 
compound chondrule. Part of it consists of densely packed 
equant olivine crystals and abundant metal and sulfide blebs 
imbedded in pink, isotropic glass. Enclosed within this 
porphyritic region is half of a barred-olivine chondrule that 
was originally -400 pm in diameter. Interstitial to the olivine 
bars is pink, isotropic glass. The barred portion is nearly metal 
and sulfide free. 
Alurninurn-Magnesium Isotope Systematics 
Magnesium isotopic data and aluminum-magnesium ratios 
for the four CAIs and eleven chondrules are presented in Table 1 
and in Figs. 3-7. 
Calcium-Aluminum-Rich Inclusions-All of the CAIs 
analyzed exhibit clear aluminum-correlated excesses of 26Mg*, 
with initial ratios ((26Al/27Al),) indistinguishable from the 
canonical value of 5 x 10-5 for CAIs from carbonaceous 
chondrites (Fig. 3). The secondary sodalite in Semarkona 4 128- 
3-1 also contains 26Mg* that is positively correlated with 
Al/Mg, giving the same (26A1/27Al), as the primary minerals 
(Fig. 3a). This is significant because feldspathoids in CAIs 
only rarely show 26Mg* (Brigham et al., 1986; also see review 
in MacPherson et al., 1995). Hence, the data for 4128-3-1 
may indicate that the secondary alteration took place very soon 
after the formation of the CAI. 
Three out of the four CAIs exhibit small intrinsic mass- 
dependent fractionation effects in magnesium (Table 1). In 
Quinyambie 6076-5- 1 both spinel and melilite are enriched in 
the heavy isotopes (weighted mean F M ~  = +4%0/amu). Spinel 
in Semarkona 1805-2- 1 is essentially unfractionated while 
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FIG. 3. Magnesium evolution diagram for CAIs in this study. In this diagram, phases that have co-crystallized in the presence of 26Al and 
have remained undisturbed will lie on a straight line with a positive slope. The slope of the line gives the initial 26A1/27AI ratio ((26A1/27AI),) 
and the intercept gives the initial 26Mg/24Mg ratio. The horizontal line on each panel gives the 26Mg/24Mg ratio measured in the standard 
minerals. All four of the CAIs exhibit clear evidence of 26Al and the inferred (26AI/27Al), ratios lie within errors of the canonical value for 
the early solar system (-5 x 10-5). The precision of the estimates of (26A1/27Al)o is relatively low because the low 27A1/24Mg ratios for the 
measured minerals, particularly for the Semarkona inclusions, do not provide much leverage to determine the slope ofthe line. Errors on data 
points and on inferred slopes are 2 0 .  Data for Semarkona 1805-2-1 and Quinyambie 6076-5-1 from Russell et al. (1996a). 
melilite is enriched in heavy isotopes ( F M ~  = +5%0/amu). In 
Moorabie 6302-2- 1, hibonite is unfractionated, in contrast to 
spinel, which is isotopically slightly heavy ( F M ~  = +3.5%0/amu). 
In Semarkona 4128-3-1, pyroxene and two of three measured 
melilites are essentially unfractionated but a third melilite 
appears to be fractionated by F M ~  = +3%0/amu. However, the 
weighted mean for the melilite analyses is F M ~  = +1.9%0/amu, 
which we do not consider resolved from zero. We emphasize 
that uncertainties for the individual fractionation measurements 
are large, so caution should be taken in interpreting the frac- 
tionation differences between phases in individual inclusions. 
Chondrules-Of the eleven Al-chondrules measured in this 
study, only two show clear evidence of 26Mg* (Fig. 4). In 
Inman 5652- 1 - 1, the most aluminum-rich plagioclase crystals 
show clearly resolved *6Mg* corresponding to (26A1/27A1)o = 
1 x 10-5, a factor of 5 lower than the ratio common to many 
CAIs. In Chainpur 125 1-3- 1, sodium-rich glass exhibits excess 
26Mg* relative to spinel and olivine. Although the excess for 
each individual ion probe measurement is comparable to the 
2a  uncertainty for that measurement, the weighted mean of 
26MgPMg for 13 measurements is resolved from normal 
magnesium by almost 8a (Fig. 5). The inferred (26Allt7Al)o 
for this chondrule, -9 x 10-6, is again -5x lower those inferred 
for most CAIs. 
None of the other nine Al-chondrules in this study shows 
clear evidence for 26Mg* (Figs. 6 and 7). In Russell et al. 
984 Huss et al. 
0.1415 
0.1410 
. Inman 5652-1-1 - 
- 
0'1390 1 (26Al/27Al)o = (1.1 i 0.7) x 10-5 
13 
12 
L l 1  x 10 
E 9 -  
I * -  
% 6 -  
2 4 -  
v) 7 -  
m 5  
.- 
-
3 -  
2 -  
1 -  
0.1385 : I : ! : ; : I : : : t 
0.1 41 0 - Chainpur 1251-3-1 
I I 
I 
- b - .  
I 5: 
p: 
E : l  
- I '  I 
I 1 -  
I .. I .. I 
I I 
I. I ;  - I 
I 
I 
1- I I 
+TI * - 1  I I - a. I 1 
- I 
- I  I m 
0 .  1- I 
2 ,  - I )  
T I 
I -  
I 
I I , .  
1- 
I I 
I I a 
I a ,  
I 
I 1 
1 I 
1 
I 
$ ,  I 
a. 
I I 
h I 
I 
a !  
I 
I 
I w .  I 
I 4 ;Weighted Mean 
A Olivine 
W Plagioclase 
0 Glass 
390 1' (26Al/27Al), = (9.2 i 2.4) X 10-61 
0 10 20 30 40 50 60 70 80 90 
27Al / 24Mg 
FIG.  4. Magnesium evolution diagram for the two Al-chondrules 
with evidence for 26Al. For Inman 5652-1 - 1, the two measurements 
for plagioclase with the highest 27A1124Mg ratio show clearly resolved 
excesses of radiogenic 26Mg* and the data are consistent with a single 
array of  slope (26A1/27Al)o = ( I .  1 t 0.7) x 10-5. For Chainpur 125 1-  
3- I ,  the individual measurements for glass are not clearly resolved 
from normal Mg, but the mean of  thirteen measurements is resolved 
by almost 8a. The line generated by a weighted least-squares fit of  
the olivine, spinel, and glass data has a slope of  (26A1/27Al)o = 
(9.2 t 2.4) x 106. Data from Russell et a/. (1996a). 
(1997), a detection of 26Mg* in Semarkona 4128-3-2 was 
reported with (26A1/27A1)o of -2.4 x 10-5. However, after addi- 
tional repeated measurements, we were unable to confirm this 
value. The present more-extensive data set can only place an 
upper limit on (26A1/27Al)o of < I  .7 x 10-5 (Fig. 7). This upper 
limit is consistent with initial ratios determined for other 
Semarkona chondrules of (0.5-1) x 10-5 (Kita et al., 2000; 
McKeegan et al., 2000). The limits that can be placed on 
(26A1/27A1)o depend on the AI/Mg ratio in the high A1 phases 
and the precision of the isotope analysis. Limits on (26A1/27AI), 
range from <1.7 x 10-5 for Semarkona4128-3-2 to <1 x 10-6 
for several Chainpur chondrules (Figs. 6 and 7). 
Only one Al-chondrule shows significant evidence for 
mass-dependent fractionation in magnesium, Chainpur 125 1 - 
3-1 (Table 1). Olivine, spinel, and glass all appear to be 
isotopically heavy, with weighted means for F M ~  ranging from 
ChainDur 1251 -3-1 Glass 
-4 -2 0 2 4 6 8 
Deviation (%Ao) from Normal Magnesium 
FIG. 5. The individual fractionation-corrected 26Mg/24Mg measure- 
ments for glass in Chainpur 125 1-3-1 are compared with normal Mg 
(dotted line) and with the regression line shown in Fig. 4 (solid line). 
Although most of the individual measurements are not resolved at 
the 2 a  level from normal Mg, the weighted mean o f  the analyses is 
resolved by nearly 80 (dashed lines show the 2a uncertainty in the 
mean). Data from Russell et al. (1996a). 
about +3%0/amu (olivine) to about +5%0/amu and +6%0/amu 
(glass and spinel, respectively). This is comparable in both 
sign and degree to the mass fractionations observed in CAIs 
and indicates significant evaporative loss of magnesium from 
a melt. None of the other chondrules shows clear evidence of 
mass fractionation, although fractionations of 1-2%0/amu 
would not be resolved by our data. 
DISCUSSION 
Although nearly 25 years have past since clear evidence 
was reported for live 26AI in the early solar system, there is 
still no consensus on how widely 26Al was distributed or 
whether it can be used as a relative chronometer of early solar 
system events. For many years, evidence for 26Al in the early 
solar system was confined almost entirely to CAIs from 
carbonaceous (C) chondrites. Recent work, including this 
study, has now expanded the database to include CAIs from 
ordinary and enstatite (E) chondrites and to include Al- 
chondrules and ferromagnesian chondrules from C and 
0 chondrites. In the following discussion, we first compare 
the 26A1 data for CAIs from UOCs with equivalent data for 
CAIs from E and C chondrites and discuss the implications for 
the primordial distribution of 26Al. We then compare the 
chondrule data. Next, we use the combined data sets to assess 
the status of 26Al as a chronometer. Finally, assuming that it 
can be used as a chronometer, we summarize constraints 
provided by 26AI on the timing of events in the early solar 
system. To aid the discussion, we have compiled our data 
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together with the published aluminum-magnesium data for 
CAIs, chondrules, and other 26Mg*-bearing objects from UOCs 
in Table 2, and we have plotted the data for UOCs in Fig 8. 
Table 2 also summarizes the published data for Al-chondrules 
from C chondrites (the voluminous data for CAIs are not given; 
see review by MacPherson et al., 1995). 
Aluminum-26 in Calcium-Aluminum-Rich Inclusions 
The majority of the evidence for live 26A1 in the early solar 
system comes from CAIs, which are most abundant in CM, CV, 
and CO chondrites. Most of these formed with (26A1/*7Al)o of 
4 x 10-5 to 5 x 10-5, and the latter value is now commonly 
accepted as "canonical" for the early solar system. The bulk 
of the data come from two meteorites-Allende (CV) and 
Murchison (CM)-and represents a wide diversity of CAI types 
(reviewed by MacPherson et al., 1995). The recent discovery 
that most CAIs in UOCs contained 26A1 when they formed 
(Russell et al., 1996a; this paper), together with a similar finding 
for CAIs in unequilibrated enstatite (E3) chondrites (Guan et 
al., 2000a), changed this picture. CAIs with (26A1/27Al)o = 
5 x 10-5 have now been found in almost all of the major 
chondrite classes (CM, CO, CV, CR, CH, 0, E). The current 
database, which includes data for inclusions with different 
mineral assemblages and for inclusions from meteorites of 
different petrologic type, allows us to discriminate between 
original isotopic features present when the inclusions formed 
and those isotopic properties resulting from secondary 
processes. The combined data place constraints on the timing 
of secondary alteration of CAIs, both before and after accretion 
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into the meteorite parent bodies, and may constrain the time of 
final accretion of the meteorite parent bodies. 
There are now six CAIs from UOCs for which aluminum- 
magnesium data have been obtained, including the two reported 
in Russell et al. (1996a) and the two new ones reported here 
(Table 2). The precision obtained on these small fragments is 
often lower than that which can be obtained from large CAIs 
in CV chondrites. Nonetheless, four of the CAIs from UOCs 
show (26Al/27Al)o compatible with the canonical value of 
-5 x 10-5 (Fig. 3). Two others show distinctly lower values. 
In particular, the first CAI identified in a UOC, Dhajala DH-H 1 
(a hibonite fragment), gave a well-defined isochron with 
(26A1/27Al)o= 8.4 x 10-6 (Hinton and Bischoff, 1984). This 
initial ratio was confirmed by Ireland et al. (1992), who also 
showed that DH-H1 is a FUN inclusion with mass-fractionated 
calcium and titanium and a -6%0 deficit (intrinsic nuclear 
anomaly) at 48Ca. The second inclusion shows no evidence of 
26AI; it is a plagioclase-bearing CAI from Clovis (H3.9) 
(Hutcheon et al., 1994). Clovis likely experienced a peak 
metamorphic temperature of -650-700 "C (Wlotzka, 1985), 
which is capable of isotopically resetting plagioclase in -105 years 
(LaTourrette and Wasserburg, 1998). Thus, metamorphic 
resetting is likely. Dhajala (3.8) was heated too, probably to 
-600-650 "C, but the evidence for 26A1 in DH-H 1 is contained 
in hibonite, a mineral that is resistant to metamorphism. For 
example, hibonite in C03 chondrites of all petrologic subtypes 
retains 26Mg* (Russell et al., 1998), even in meteorites that 
experienced temperatures of up to 600 "C for extended periods 
(cf., Sears et al., 1991 b). Also, the hibonite-rich inclusion from 
Moorabie, another 3.8 chondrite, still exhibits a good isochron 
(Fig. 3d). This suggests that magnesium isotopic reequilibration 
in the parent body is not responsible for the low (26A1/27Al)o 
inferred for DH-H 1. 
CAIs from E3 chondrites also incorporated live 26Al (Guan 
et al., 2000a). Seven of eleven small hibonite-bearing CAIs 
from three E chondrites measured by Guan et al. (2000a) exhibit 
(26A11Q7Al)~ ratios at or near the canonical value of -5 x 10-5. 
For the other four CAIs, upper limits range between 0.25 x 
10-5 and 1 x 10-5. All eleven inclusions are hibonite-bearing, 
and two of the three E chondrites contain inclusions both with 
and without evidence of 26Al. Therefore, as in the case of 
UOCs, metamorphism of the E chondrites probably does not 
explain the low initial values in some of their CAIs. 
Thus, most CAIs from UOC and E chondrites apparently 
formed with similar initial 26Al/27Al values of -5 x 10-5, the 
canonical value originally established by the C-chondrite CAIs. 
And, as with C-chondrite CAIs (Wasserburg et al., 1977), rare 
CAIs in UOC and E chondrites formed with much lower or no 
detectable initial 26Al/27Al. CAIs in the three chondrite classes 
have other similarities besides their (26A1/27Al)o systematics. 
To a first approximation, CAIs from UOC and E chondrites 
have direct petrologic analogues in C chondrites (neglecting 
such differences as size distributions and alteration histories; 
for example, Guan et al., 2000a; Fagan et al., 2000). CAIs 
from the different chondrite groups even have similar oxygen 
isotopic compositions (McKeegan et al., 1998; Guan et al., 
2000b,c; Fagan et al., 2001). These petrologic and isotopic 
similarities in CAIs from C, 0, and E chondrites could imply 
that CAIs formed via a general process that operated throughout 
all the chondrite-accretion zones on a nebula-wide, uniform 
isotopic reservoir. If so, the signature of (26AlPAl), = 5 x 
10-5 would indicate most CAIs formed at approximately the 
same time and that lower ratios reflect later formation times or 
reprocessing. Alternatively, the uniformity of isotopic 
systematics might imply that most CAIs formed in a restricted 
region in the solar system and were later dispersed throughout 
the various chondrite-accretion zones (e.g., McKeegan et al., 
1998; Guan et al., 2000a,c; Shu et al., 1996). In this case the 
direct evidence for a nebula-wide ( ~ ~ A I P A ~ ) ~  = 5 x 10-5 largely 
disappears because that signature is uniquely associated with 
CAIs assumed to have formed in only one region of the solar 
nebula. However, even in this model the inferred (26A1/27Al),, 
values would constrain formation times if 26Al was brought in 
with nebular dust and seeded homogeneously throughout the 
early solar system. Only if both the 26A1 and the CAIs were 
produced in the same restricted region would variations in 26A1 
abundance between CAIs and other chondritic material carry 
no time information. 
Mineralogy and textural relationships show that most CAIs 
have had complex histories (e.g., review by MacPherson et 
al., 1988). Some show clear evidence of multiple melting 
events that apparently occurred over extended periods of time. 
These textural sequences can be reflected in the 26AI results. 
For example, Allende CAI 5241 has three distinct petrologic 
units, a spinel-rich core, spinel-free islands, and a melilite 
mantle. Each of these units gives a different 26A1 isochron, 
the slopes of which (initial ratios) range from 3.3 x 10-5 to 
-5 x 10-5 (Hsu et al., 2000). These initial ratios are consistent 
with the texturally inferred sequence of events in the CAI and 
imply an evolutionary history of -4 x 10s years for this object. 
Many inclusions also experienced low-temperature 
metasomatism. The isotopic signatures of the secondary phases 
range from (26A1/27Al)o = 0 in some inclusions (e.g., Hutcheon 
and Newton, 1981) to -5 x 10-5 in others (Brigham ef al., 
1986; Semarkona 4128-3-1 (Fig. la)). Some inclusions even 
show evidence of partial re-melting after such metasomatic 
alteration, with the second-generation igneous phases showing 
no 26Mg* excesses (MacPherson and Davis, 1993). Interpreted 
in terms of time, the differences in (26Al/27Al)o imply individual 
CAI histories of as long as 2 Ma. Of course, an alternate (and 
somewhat ad hoc) interpretation of this data is that after 26A1- 
rich CAIs formed, they were transported to a location with no 
26A1, where the metasomatic events involving chemical and 
isotopic exchange with the external reservoir produced 
secondary phases without 26AI. But, even if the secondary 
phases do not contain time information, the correlation between 
(26A1/27A1)o and "primary" melting events like those in Allende 
524 1 seem to be best interpreted in terms of an extended history 
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Grossman et al., 1988), far fewer chondrules than CAIs have 
been analyzed for aluminum-magnesium systematics. Only 
2 3 s c?, 333 recently have sufficient isotopic data from UOC chondrules 
"0 o m -  v z v v  ZH%,& .o-2 with high AI/Mg ratios become available to make CAI- 
chondrule comparisons meaningful (this study; Kita et al., c + r o o S q g S  
P < , V V 2 O - l  t - m m  o v v  2 o V o g  2 8 8  v 2000; Srinivasan et al., 2000a,b; Hutcheon et al., 2000; 2 
;ON 4 McKeegan et al., 2000; Marhas et al., 2000; Mostefaoui et al., 
2000). No good data yet exist for E-chondrite chondrules. 
The available data are summarized in Table 2 and Fig. 8. As 
with the data for CAIs, the chondrule data require careful 
evaluation to distinguish primary characteristics from those 
The vast majority of UOC chondrules that show evidence 
of26A1 come from Semarkona (LL3.0) and Bishunpur (LL3.1) 
(Table 2; Fig. 8). In these meteorites, most of the measured 
Ic1: 0 Al-chondrules and ferromagnesian chondrules have clear 
excesses of 26Mg*. Inferred (26Al/27AQo values for these 
c) 2 y  1 chondrules range from 0.3 x 10-5 to 2.3 x 10-5 (Table 2). 
Chondrulcs from the same meteorites that do not show clear 
evidence of26Mg* give upper limits on (26Al/27Al)o consistent 
with the same values (Fig. 8). Also, an olivine-pyroxene- 
anorthite clast from Semarkona, which has no obvious 
' 8 8  0 d A & d  6 relationship with chondrules, exhibits (26Al/27Al)o = (0.8 2 - c c  " 4 4 1  42 0" 0.2) x 10-5 (Hutcheon and Hutchison, 1989). The only 
chondrules measured to date that show good correlations 
c isochrons) are from Semarkona (Kita et al., 2000), which is 
2 the least equilibrated ordinary chondrite known. Such 
correlations are the most convincing evidence that in situ decay 
" - 2  
0 L  v ) 1 4 z  7 . 2  V) of 26A1 was the actual source of 26Mg excesses. The spread in f 5 m- 
initial ratios for chondrules appears to be relatively large, with = 
5 9  $)2A--bu ratios extending over nearly an order of magnitude (Fig. 8). It 
u Z x o ' m  E ~n~~~~~ E 5 . 5  is unclear at present whether this spread is real, because the 
highest and lowest values are reported without uncertainties 
n n m > m m s  0 N n m d  'I e, 2 0 in a single abstract (Mostefaoui et al., 2000). The error- 
weighted mean of the initial ratios for all type 3.0-3.1 UOC 
gg 9)  % N N 0 chondrules is 0.74 x 10-5. In all but one case, the individual 
measurements are within the measurement uncertainty of the 
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of several hundred thousand years for the CAI. This internal 
chronology for an individual CAI requires only that the objeqt 
formed from a single material reservoir. 
The above discussion ignores the rare isotopically 
distinctive inclusions (e.g. ,  FUN inclusions and hibonite- 
pyroxene spherules) whose low (26Al/27Al)o ratios cannot 
easily be explained in terms of chronology unless there is a 
mechanism for producing CAIs at a late stage while preserving 
large nuclear anomalies. The simple existence of these objects 
drives discussions of nebular heterogeneity, but the fact is that 
they are rare and appear to be exceptions to the general rule. 
Aluminum-26 in Chondrules 
Although chondrules are much more abundant in chondrites 
than CAIs ( 1  5-75% of the meteorite, depending on class; 
990 Huss et al. 
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FIG. 8. All published (26Al/27Al)o ratios for CAIs (triangles), Al-chondrules and ferromagnesian chondrules (circles), and other Al-rich 
materials (squares) from UOCs are plotted as a function of the host meteorite’s petrologic type. Filled symbols are clear detections of 26AI, 
open symbols give upper limits on (26A1/27AI)o. Dashed horizontal lines represent one-million-year time increments starting at CAI formation 
((*6A1/27Al)o = 5 x lo-s), assuming that all objects formed from the same homogeneous isotopic reservoir. Vertical dotted lines give 
approximate metamorphic temperatures for the host meteorites (this scale is not linear). Notice that for meteorites that have experienced 
<SO0 “C during metamorphism, there appears to be a clear upper limit on (26AI/27AI), corresponding to a 1 to 2 Ma gap between the time 
when most CAIs formed and the time when chondrule formation began. The times indicated for non-CAIs with clear evidence for 26Al from 
meteorites that have experienced 2600 “C may reflect the end ofparent-body metamorphism. Temperature estimates are based on Sears eta/. 
(1991a), Huss and Lewis (1994), and Dodd (1981). 
average value. Plagioclase from Al-chondrules and glass from 
ferromagnesian chondrules exhibit the same range of values 
for (26A1/27AI),. This similarity means that one can no longer 
argue (e.g., Wood, 1996a) that the isotopic compositions of 
Al-chondrules may be unrelated to those of ferromagnesian 
chondrules. 
No chondrules from meteorites of petrologic type 3.5 and 
higher show evidence of 26Mg*. Three of five examples show 
low upper limits on (26Al/27Al)o of <4 x 10-7 to < I  x 10-7 
(Table 2, Fig. 8). The contrast between these low values for 
(26APAl), and the high values in types 3.0-3.1 chondrites 
strongly suggests that metamorphic resetting of the magnesium- 
aluminum isotopic system has taken place in meteorites of 
petrologic type 3.5 and above (also see Kita et al., 2000). This 
is consistent with expectations based on the difhsion rate of 
magnesium in anorthite (LaTourrette and Wasserburg, 1998). 
Chainpur (LL3.4) is the most metamorphosed UOC in 
which a chondrule with clear evidence of 26Mg* has been 
found. Only one of seven Al-chondrules studied, Chainpur 
1251-3-1, exhibits 26Mg* (in its glass), and the inferred ratio, 
(26A1/27Al), x (0.9 2 0.2) x 10-5, is indistinguishable from 
those in chondrules from type 3.0-3.1 chondrites. No evidence 
for *6Mg* was found in two other glassy Al-chondrules or in 
four plagioclase-bearing Al-chondrules, all of which gave low 
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upper limits on (26A1/27Al)o similar to those of chondrules from 
type 23.5 meteorites (Table 2, Fig. 8). The interpretation of 
these data is not straightforward. Chainpur's estimated peak 
metamorphic temperature of -450 "C (Sears et al., 199 1 a; Huss 
and Lewis, 1994) was insufficient to eradicate the 26Mg* 
signatures in the plagioclase-bearing Al-chondrules within a 
reasonable time period. Homogenization of 10-50 pm thick 
anorthite laths requires a few x 107 to a few x 108 years 
(LaTourrette and Wasserburg, 1998). Also, the 26Mg* in 
Chainpur 125 1-3- 1 was detected in sodium-rich glass, yet glass 
might be expected to homogenize more quickly than anorthite. 
The long homogenization time for anorthite and the absence 
of 26Mg* in Chainpur anorthite imply either that the Chainpur 
chondrules that lack 26Mg excesses formed with (26Al/27Al)o 
much lower than 1 x 10-5 or else that they were thermally 
reset at high temperatures before their incorporation into the 
final Chainpur parent body. In either case, an extended time 
period prior to final accretion of the Chainpur parent body is 
required if the differences in (26Al/27Al)o were due to decay 
of 26A1. 
In contrast to Chainpur, the isotopic data for chondrules 
from Semarkona and Bishunpur (also LL chondrites) are highly 
coherent (Table 2; Fig. 8). This might mean that Chainpur 
sampled a fundamentally different population of chondrules 
than did Semarkona and Bishunpur, but we think it more likely 
that Chainpur is a breccia consisting of both metamorphosed 
and relatively unmetamorphosed material from the LL- 
chondrite parent body. Supporting this idea is a disparity among 
different metamorphic thermometers (indicators of petrologic 
subtype) for Chainpur (e.g., type 3.6 from thermoluminescence 
(TL) sensitivity, type 3.4 from 36Ar, type 3.213.5 from wt% C; 
see Sears er af., 1991a). Although not classified as such by 
those authors, this disparity suggests to us the possibility that 
Chainpur is a breccia like many other UOCs (Sears er al., 199 1 a). 
Indeed, a majority of all chondrites may well be fragmental 
breccias (e.g., Scott et al., 1985). The 26Mg*-bearing and 
26Mg*-free chondrules in Chainpur may have experienced 
different thermal histories resulting from an extended and 
complex parent-body history prior to final assembly. 
In C chondrites, only -20% of the Al-chondrules measured 
to date (9 of 49) bear evidence of in situ decay of 26AI (Table 2). 
Considering the least-metamorphosed meteorites, two 
chondrules from the anomalous C chondrite Acfer 094 and 
three from the reduced CV3 Efremovka exhibit (26Al/27Al)o 
values between 0.5 x 10-5 and 2.5 x 10-5. These initial ratios 
are essentially identical to those for chondrules from type 3.0-3.1 
UOCs. Acfer 094 has apparently not experienced significant 
metamorphism (e.g. ,  Newton et al., 1995). Efremovka is 
classified as CV3.2 by TL sensitivity (Guimon et al., 1995) 
and the reported abundances of presolar grains suggest it has 
been heated more than either Semarkona or Bishunpur (cf., 
Huss, 1997 and references therein). However, the aluminum- 
magnesium isotopic data imply that Efremovka has not been 
heated to the same degree as has Chainpur. Three Al- 
chondrules (POIs) from Allende and one from Axtell give 
(26AlPAl), values between 0.3 x 10-5 and 0.6 x 10-5. 
Numerous other chondrules from these two meteorites show 
no evidence of 26A1 and have upper limits on the initial ratios 
of <O. 1 x 10-5 to <0.3 x 10-5. Allende and Axtell are oxidized 
CV3 chondrites, and there is evidence from abundances of 
presolar grains that these meteorites (or at least their matrix 
materials) have experienced temperatures of 550-600 "C, 
perhaps 250 "C higher than the reduced CV3 chondrites like 
Efremovka (Huss and Lewis, 1994; Huss et al., 2000). Thus 
there may have been moderate metamorphic resetting of the 
26A1 clock in chondrules from Allende and Axtell. 
The accumulated (26Al/27Al)o data discussed above indicate 
that AI-chondrules and ferromagnesian chondrules are 
isotopically indistinguishable from each other. Evidence for 
26A1 has been found in most types of chondrules, including 
types I, 11, and 111 ferromagnesian chondrules (e.g., Kita etal., 
2000) and anorthite-rich, forsterite-rich, and glassy Al- 
chondrules (e.g., Sheng et al., 1991; Russell et al., 1996a). 
These isotopic data imply that Al-chondrules are true 
chondrules and not an unusual variety of CAI or some CAI- 
chondrule hybrid. Al-chondrules in UOCs are also isotopically 
indistinguishable from their counterparts in C chondrites. This 
conformity of isotopic data suggests that chondrules of all types 
and from C and 0 chondrites formed from an isotopic reservoir 
that was approximately homogenous with respect to 26A1. 
Because C and 0 chondrites comprise over 90% ofthe meteorites 
in the world's meteorite collections, the data imply that this 
aluminum reservoir extended at least across the chondrite- 
forming region of the nebula. 
Aluminum-26 Differences in Calcium-Aluminum-Rich 
Inclusions and Chondrules: Chronology or Nebular 
Heterogeneity? 
There has been a vigorous debate about the interpretation 
of aluminum-magnesium isotopic differences between CAIs 
and chondrules since those differences first became apparent 
(e.g., Hutcheon et al., 1994; Cameron, 1995; Wood, 1996a; 
Russell et af., 1996a; Kita et al., 2000). Early papers pointed 
out deficiencies in the database that had to be filled to resolve 
the debate and significant progress has been made in acquiring 
these data. To the extent that CAIs and chondrules show 
consistent patterns across chondrite classes, we can evaluate 
nebular heterogeneity. To the extent that CAIs show 
consistently higher values of (26A1/27Al)o than chondrules, we 
may be able to evaluate their relative formation times and 
subsequent history. In this section, we reevaluate both 
chronological and non-chronological interpretations of the 
26A1 database. We also identify outstanding issues that remain 
to be resolved. 
A chronological interpretation of the aluminum-magnesium 
data assumes that the objects under investigation formed from 
a reservoir with a single initial 26AlPAI ratio. In this case, 
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differences in (26A1/27Al)o can be ascribed solely to decay of 
26A1 and thus interpreted in terms of formation time or time of 
later reprocessing. The strongest evidence that has been used 
to support this assumption is the observation that the majority 
of CAIs from diverse chondrite classes formed with (26A1/27Al)o 
of 4 x 10-5 to 5 x 10-5 (also see MacPherson et al., 1995). 
Different chondrite classes are thought to represent accretion 
in different parts of the solar nebula. In turn, the CAI 
populations within each different chondrite type differ in size 
and, to some degree, in type. Accordingly some authors (e.g., 
Russell et al., 1998) suggest that the CAIs in each class 
originated in the nebular regions where they ultimately accreted. 
If so, then the Al-isotope reservoir from which all CAIs formed 
covered the chondrite-forming region and was, to first order, 
homogeneous in *6A1/27AI. A similar argument can be made 
for Al-chondrules and ferromagnesian chondrules from both 
C and 0 chondrites, which formed with (26Al/27Al)o of -0.5 x 
10-5 to -2 x 10-5 (Table 8). Assuming that chondrules also 
originated in the different regions where their host parent bodies 
finally accreted (e.g., Wood, 1985), then the initial ratios in 
chondrules again imply that they came from a widespread, 
relatively homogeneous Al-isotope reservoir. Finally, if the 
CAIs and chondrules formed from the same reservoir, then the 
observed systematic difference in (26Al/27Al)o between CAIs 
and chondrules can be interpreted in terms of different 
formation times with the formation of most CAIs and the onset 
of chondrule formation being separated by about 2 Ma. 
The chief evidence against homogeneous distribution of 
26AI is the existence ofFUN inclusions. These objects contained 
very little 26AI when they formed. They either formed (a) later 
than other CAIs, after26Al had decayed; (b) contemporaneously 
with other inclusions, but from isotopically different starting 
material (whether grains or a larger reservoir); (c) very early, 
before 26AI was mixed into the solar system (e.g., Sahijpal 
and Goswami, 1998); or (d) prior to the solar system and are 
in fact presolar grains (e.g. ,  Wood, 1998). Late formation of 
FUN inclusions requires that their relatively large isotopic 
anomalies in many elements can be preserved in spite of 
processes in the accretion disk that act to homogenize nebular 
material over time. The other possibilities explicitly require 
nebular heterogeneity of 26AI at some scale. Although FUN 
inclusions remain unexplained, they are rare and may result 
from a special process. Recent data for loge (MacPherson 
and Huss, 200 1) hints that FUN inclusions may have formed 
in a different place than other CAIs, but where and from what 
remains unknown. Somewhat less compelling evidence against 
homogeneous distribution of 26Al is the fact that the respective 
populations of unaltered CAIs and chondrules each appear to 
show significant spreads in their initial ratios. Some of the 
spread undoubtedly reflects analytical uncertainties, but some 
is probably real. Real spreads in the initial ratios could result 
from second-order heterogeneities in the distribution of 26Al 
in the early solar system or from differences in formation times 
among groups of chondrules and CAIs on the order of a few 
x 105 years. However, heterogeneities of up to -20% across 
the chondrite-forming region would not change the basic 
features of a chronological interpretation of differences in 
(26A1/27Al)o between CAIs and chondrules or the timescales 
inferred for nebular processes. 
The thorniest difficulty for the homogeneous distribution 
model (and hence chronologic interpretation of the isotopic 
data) arises out of the inferred one- to two-million-year interval 
between onset of CAI formation and formation of chondrules. 
The basic problem generally is stated in terms of how to keep 
millimeter- to centimeter-sized CAIs around in the solar nebula 
for 2 Ma waiting for chondrules to form. Objects of such size, 
including chondrules, would be expected to drift into the Sun 
in times on the order of 105 years due to gas drag (Weiden- 
schilling, 1977; Cameron, 1995). One way to keep CAIs in 
the meteorite-forming region for millions of years is for them 
to accrete into kilometer-sized bodies. These bodies would 
have to be disrupted later in order for the fragments (CAIs) to 
re-accrete with chondrules to form the final chondrite parent 
bodies. However, brecciated clasts of composite CAI material 
are unknown. Moreover, very delicate CAIs (e.g., "fluffy" type 
A inclusions) are well known in chondrites and it is far from 
clear how they would survive such a disruption process. An 
alternative possibility is that the CAIs did drift toward the Sun 
but were recycled back to the meteorite-forming region. 
Turbulent mixing in the accretion disk (e.g., Morfill, 1983; 
Cameron, 1995) and recycling through bi-polar outflows (e.g., 
Shu et al., 1996) have been suggested, but neither of these 
ideas has been developed convincingly. What is generally 
overlooked in discussions of the two-million-year CAI- 
chondrule time gap is that evolutionary histories of individual 
CAIs require the same long duration. The magnesium isotopic 
heterogeneities observed in complex CAIs correlate with 
petrographic features produced by reheating after initial CAI 
formation (Podosek et al., 1991). Much of this history is most 
plausibly interpreted in terms of nebular processes (e .g . ,  
MacPherson and Davis, 1993). One study that attributed the 
complex isotopic signature in an individual CAI to nebular 
heterogeneity (Efremovka inclusion E2; Fahey et al., 1987) 
was subsequently rehted by more detailed studies (Goswami 
et af., 1994). In short, the extended nebular histories of 
individual CAIs pose as much, if not more, of a problem for 
astrophysical models as does the CAI-chondrule time gap. 
Some workers have argued that CAIs and chondrules were 
formed in protoplanetary environments and thus do not directly 
reflect nebular events (e.g., Hsu et al., 2000). 
The alternative to an isotopically-homogeneous-nebula 
model (with its consequent implication for a chronological 
interpretation of 26AI) is that materials with different initial 
ratios (e.g., FUN CAIs, "normal" CAIs, chondrules) formed 
from distinct isotopic reservoirs. Two methods have been 
proposed to generate these isotopically distinct reservoirs: 
( 1 ) the different isotopic reservoirs reflect incomplete mixing 
of material from different nucleosynthetic sources outside the 
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solar system, and (2) the 26A1 was produced locally within the 
early solar system. 
Models that invoke incomplete mixing typically do not 
consider large-scale spatial heterogeneities in the nebula 
inherited from the presolar cloud (e.g., Lee et al., 1979), 
because such heterogeneities are difficult to maintain through 
the collapse of the molecular-cloud core and evolution of the 
accretion disk. However, there is no doubt that isotopic 
heterogeneities existed at some scale in the early solar system. 
Certainly, the individual presolar dust grains from which 
chondritic components ultimately formed were quite variable 
in their isotopic properties (e.g., Zinner, 1997). The issue is 
whether the isotopic variations have the spatial scale and 
magnitude to map in an observable way onto chondrules and 
CAIs. As noted above, most models have been directed toward 
explaining the FUN inclusions. For example, Sahijpal and 
Goswami (1998) proposed that FUN CAIs formed prior to 
injection of 26A1 into the solar system. Wood (1 998) proposed 
that FUN inclusions might have formed from aggregates of 
dust that originated in interstellar space before the astrophysical 
event that added 26A1 to the solar system and were melted by 
gas drag as they fell into the solar nebula. Both models rely on 
special circumstances for the formation of FUN inclusions and 
thus cannot be easily generalized. Wood (1 996b) proposed an 
interesting model in which 26A1 was preferentially sited in a 
young, poorly crystallized fraction of the presolar dust, while 
older refractory grains preserved nuclear anomalies in other 
elements. Thermal processing in the solar system could have 
fractionated 26Al-bearing material from 26AI-poor refractory 
material, with FUN inclusions forming from the residual 
refractory dust and "normal" CAIs from more average nebula 
material. The main problem with generalizing this model is 
that it is difficult to devise a scenario that would give most 
CAIs one consistent (26Al/27Al)o ratio and chondrules a 
different ratio, rather than having a spread in (26Al/27Al)0 
among both chondrules and CAIs. It may well be a mistake to 
focus so much attention of FUN inclusions, which are rare and 
may have come from an unusual source or process. For 
example, the Wood (1 996b) model might explain the FUN 
inclusions, while the difference in initial ratio between normal 
CAIs and chondrules reflects formation time. How and where 
FUN inclusions formed is not solved. 
A more interesting class of heterogeneous-nebula models 
involves local production of 26A1 through local irradiation of 
solar system materials (e.g., Heymann and Dziczkaniec, 1976; 
Clayton and Jin, 1995; Lee et al., 1998). The biggest difficulty 
faced by these models is the fact that irradiation of average 
solar system matter by cosmic rays of typical energy and 
composition sufficient to produce CAI-levels of (26Al/27Al)o 
also produces other nuclides besides 26AI (e.g., Clayton et al., 
1977), but not in their proper relative abundances to 26A1. To 
overcome this difficulty, modelers have proposed irradiation 
of a limited region of the nebula, irradiation of chemically 
fractionated material, and/or irradiation with cosmic rays of 
restricted energy distribution and composition (e.g., Clayton 
and Jin, 1995; Lee et al., 1998; Gounelle et al., 2001). The 
most recent local-production models couple irradiation near 
the Sun to produce 26A1 with an X-wind model (e.g., Shu et 
al., 1996) to transport CAIs and other 26Al-bearing objects 
out to the meteorite parent-body accretion regions (e.g., Lee et 
al., 1998; McKeegan et al., 1998). This model builds on 
observations that young pre-main-sequence stars have powerfd 
bipolar jets that could transfer material from near the central 
star out into the accretion disk, and it is driven by the desire to 
explain the Al-isotope differences between CAIs and 
chondrules. Local production of 26A1 provides an independent 
reservoir out of which the CAIs can form, and does so in an 
energetic physical environment conducive to CAI formation. 
The X-wind potentially provides a physical mechanism to keep 
the CAIs from falling onto the Sun before the chondrules form, 
and this is independent of whether 26A1 is locally produced or 
not. This last point is key: the local production component of 
the model suffers from a serious weakness that does not affect 
the X-wind element, namely producing loge, 41Ca, 53Mn, and 
26A1 in their proper relative abundances. Although there has 
been some recent success in constructing an irradiation model 
that can explain observed relative abundances of the short- 
lived radionuclides in CAIs (e.g., Gounelle et al., 2001), the 
conditions required for producing these radionuclides can only 
be satisfied with anomalous 3He-rich, low-energy cosmic rays 
interacting with a specific core-mantle structure for the CAI 
precursors (Gounelle et al., 2001). A cosmic-ray flux ofprotons 
and alpha particles with a more typical energy distribution and 
a plausible flux could have produced the observed abundances 
of loBe, 41Ca, and 53Mn in CAIs, but would have produced 
only a few percent of the necessary 26A1 (e.g., Lee et al., 1998; 
McKeegan et al., 2000; Goswami et al., 2001). In this case, 
most of the 26A1 would have been inherited from the presolar 
cloud. 
The observation that CAIs from many chondrite classes 
have similar 1 6 0  systematics is often cited as independent 
support for the idea that all CAIs formed in a single restricted 
location (e.g., McKeegan et al., 1998). But this does not require 
the production of 26A1 or even 1 6 0  to be similarly restricted in 
space. Particle irradiation cannot explain the 1 6 0  excesses 
that accompany 26A1 in CAIs (e.g., Clayton et al., 1977), 
although photodissociation of asymmetric molecules 
conceivably can (e.g., Thiemens and Heidenreich, 1983). But 
even the latter case does not require a correlation between 160 
excesses and 26A1 because the effects in oxygen and aluminum 
are produced by fhdamentally different mechanisms. Thus, 
although the oxygen isotopic data for CAIs may support the 
Shu et al. (1996) model for production of the CAIs in a near- 
Sun environment, it is not clear that those same data provide 
any constraints on the production (and hence distribution) of 
26A1 or any other short-lived radionuclides. 
In summary, the observations that most CAIs from a variety 
of chondrite classes formed with (26Al/27Al)o of -5 x 10-5 
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and that chondrules from different classes formed with 
(26A1/27A1)o of - 1 x 10-5 are most consistent with a widespread 
and initially approximately uniform distribution of 26A1 in the 
nebula. Even though recent oxygen isotopic evidence hints at 
the possibility that CAIs themselves formed in a single 
restricted portion of the nebula, there is no mechanism that 
easily accounts for the 26Al being similarly restricted. Together 
these arguments appear to make a reasonable case that 
differences in (26Al/27Al)o in different kinds of chondritic 
material can be interpreted, at least to first order, in terms of 
time. 
The Timing of Events in the Early Solar System 
as Deduced from Aluminum-26 
Given all of the new data now available and the arguments 
put forward above, it is instructive to examine the chronologic 
consequences of assuming that all objects did form from a 
single material reservoir that was homogeneous in 26AlPAI. 
Note that variations in (26Al/27Al)o on the order of 10-20% do 
not significantly affect these conclusions. 
The macroscopic objects with the highest initial ratios are 
the CAIs; most formed with (26Al/27Al)o= 4 x 105 to 5 x 105. 
Some of this spread undoubtedly reflects analytical uncertainty, 
but, interpreted strictly in terms of time, the spread implies a 
duration of -2 x 105 years for CAI formation. The extended 
meltinghe-melting chronologies of individual CAIs range from 
-4 x 105 years (e.g. ,  for Allende CAI 5421; Hsu et al., 2000) 
to more than 2 Ma for CAIs in which remelting followed 
secondary alteration that took place after most 26Al decayed 
(MacPherson and Davis, 1993). In the latter case the melting- 
and hence the alteration that preceded it-is most plausibly 
interpreted as nebular and must have occurred prior to 
incorporation of the CAI into the meteorite in which it was 
found (e.g. ,  MacPherson and Davis, 1993), so the isotopic data 
constrain the time of final accretion of meteorite parent body 
to be at least 2 Ma later than the initial CAI formation. 
Initial ratios of chondrules from unmetamorphosed chondrites 
are systematically lower than those of CAIs ((26A1/27A1)o = 
0.3 x 10-5 to 2.3 x 10-5). Again, some of the spread reflects 
analytical uncertainty, but taken at face value the spread implies 
a delay of 1 to 2 Ma between the onset of CAI formation and 
the time when chondrules began to form. The spread in the 
Semarkona data (0.47 x 10-5 to 0.96 x 10-5) implies aduration 
for chondrule formation of -7.5 x 105 years. Chondrules in 
Chainpur show a large range of (26A1/27Al)o values that cannot 
be interpreted solely in terms of metamorphism of the Chainpur 
parent body. The range in initial values among Chainpur 
chondrules implies that some chondrules formed or were last 
altered at least 2 Ma after the first chondrules formed. Adding 
the delay in the onset of chondrule formation to the time period 
over which chondrules appear to have been formed or modified 
prior to final accretion, the data appear to require a minimum 
of 4 Ma between the formation of the first CAI and the final 
accretion of Chainpur. However, initial accretion of kilometer- 
sized planetesimals may have been quite rapid (e.g., Wood, 
1985). The inferred 2 to 4 Ma timescale for formation of CAIs 
and chondrules and their accretion into meteorite parent bodies 
is broadly consistent with the lifetime of the solar nebula as 
inferred from theoretical models and observations of young 
pre-main-sequence stars (e.g., reviews by Podosek and Cassen, 
1994; Cameron, 1995). 
The aluminum-magnesium data permit some preliminary 
statements on the timing of parent-body metamorphism. 
Aluminum-26 is potentially a very powehl  heat source. If 26Al 
was present in the early solar system at the canonical 26AlP7AI 
ratio of 5 x 10-5, planetesimals of -I 0 km in diameter would 
be heated to temperatures sufficient to metamorphose 
chondritic material over much of their interiors if they accreted 
within 2 to 3 Ma of the formation of CAIs (e.g., LaTourrette 
and Wasserburg, 1998). The heat pulse would decay away in 
-10 Ma. If one accepts that the low (26Al/27Al)o values in 
chondrules from type >3.5 ordinary chondrites and CAIs from 
>3.8 ordinary chondrites reflect parent-body metamorphism, 
then the low upper limits on (26Al/27Al)o in these objects 
indicate that they experienced a high-temperature interval that 
occurred-or extended until-at least 5 Ma after CAIs formed. 
Clear evidence of 26Mg* is found in objects from two 
meteorites that should have been heated sufficiently to destroy 
that evidence. A glassy clast from Bovedy (L3.7) gave 
(26Al/27Al)o = 3 x 10-7, and separated plagioclase crystals from 
Ste. Marguerite (H4) gave (26A1/27Al)o= 2 x 10-7 (Zinner and 
Gopel, 1992). There are two possible explanations for these 
results. One is that the 26Mg*-bearing objects were introduced 
after metamorphism by impact gardening, as we proposed for 
Chainpur. The other is that the 26Mg*-bearing material 
experienced the metamorphic event, and that the (26Al/27Al)o 
values reflect times when temperatures cooled enough for 
magnesium diffusion to stop. If this interpretation is correct, 
then Bovedy and Ste. Marguerite had cooled to the blocking 
temperature for the aluminum-magnesium system by -5.5 to 
6 Ma after CAIs formed. The upper limit on (26A1/27A1)o of 
<5.5 x 10-8 for a basaltic clast from the L6 chondrite, Barwell 
(Hutcheon et al., 1994), implies that Barwell did not cool down 
until at least 7 Ma after CAIs formed. These times are consistent 
with 26A1 as the heat source for metamorphism and are made 
more plausible by the discovery in the Piplia Kalan Eucrite of 
evidence for 26Al with a (26A1/27Al)o= 1 x 104, which implies 
a formation time for this brecciated basaltic meteorite of -4 Ma 
years after CAIs (Srinivasan et al., 1999, 2000~).  
SUMMARY AND CONCLUSIONS 
Clear evidence for the in situ decay of 26Al has now been 
found in four UOC CAIs, with inferred (26A1/27Al)o ratios of 
-5 x 10-5. These data, along with oxygen-isotope data 
(McKeegan et al., 1998; Russell et al., 2000), show that the 
CAIs in UOCs are closely related to their counterparts in 
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carbonaceous chondrites. Only two of eleven Al-chondrules 
we measured from the same UOCs show clear evidence for 
26AI. The inferred (26Al/27Al)0 ratios were -1 x 10-5, clearly 
distinct from most CAIs and consistent with ratios observed in 
chondrules from type 3.0-3.1 UOCs and from lightly 
metamorphosed carbonaceous chondrites. The consistency of 
the isotopic systematics of carbonaceous and ordinary 
chondrites indicates that a chronological interpretation of the 
data is probably warranted. The timeline inferred from the 
26A1 data suggests that CAIs formed over a few hundred 
thousand years, but experienced thermal reprocessing 
(including remelting) and secondary alteration for periods up 
to -2 Ma. Chondrules began to form 1 to 2 Ma after the first 
CAIs. Accretion probably began relatively quickly after CAIs 
and chondrules formed, and the final meteorite parent bodies 
were apparently in place by 4 Ma after CAIs. Rapid accretion 
in the presence of 26A1 at the abundances indicated in CAIs 
and chondrules would mean that 26A1 was a potent heat source. 
Limited 26A1 data from metamorphosed meteorites indicates 
that metamorphism was over in type 4 chondrite parent bodies 
by 5 to 6 Ma after CAIs formed and continued in type 6 
chondrites until after 7 Ma after CAIs formed. These times 
are consistent with 26A1 as a heat source. Isotopic heterogeneity 
does not appear to be responsible for most of the variations in 
(26Al/27Al)o observed among chondritic components, but FUN 
inclusions and other rare CAIs require a special explanation. 
Irradiation within the solar system, while capable of producing 
observed amounts of loge, 41Ca, and 53Mn using reasonable 
fluxes and cosmic ray compositions, does not seem to be 
capable of simultaneously producing the inferred abundance 
of 26A1. 
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